This study focuses on the glacial landform record associated with recent surge events of Tunabreen -a calving tidewater glacier in Tempelfjorden, Spitsbergen. Submarine geomorphology and recent terminal fluctuations of Tunabreen's glacier front were studied using high-resolution multibeam-bathymetric data and a range of published and remotesensing sources, including topographic maps, satellite images and aerial photographs. The retreat moraines in the inner part of Tempelfjorden have been correlated with glacier terminus positions during retreat from the 2004 surge maximum. Glacier surface velocity and ice-front positions derived from high-resolution TerraSAR-X satellite data show ice movements at the glacier front during minor advances of the front in winter when calving is suppressed. This suggests that the moraines have formed annually during quiescent phase winter advances.
Introduction
Glaciers are sensitive indicators of climate change, and sequences of moraines demarcate glacial retreat or readvance that can often be used as proxies for past climatic fluctuations.
However, major glacier advances known as surges, can also occur in response to internal dynamical processes which are largely thought to be unrelated to climatic variations (Meier & Post 1969; Fowler et al. 2001) . Glacier surges in the High-Arctic archipelago of Svalbard are characterized by long periods of quiescence (100-150 years) punctuated by short phases of increased ice velocities, usually accompanied by terminus advance. These surge events, or active phases, typically last for ~3-10 years (Dowdeswell et al. 1991; Murray et al. 2003) . To avoid misinterpretation, it is important to distinguish glacial landforms formed during surges from those created by climatically-controlled advances.
Conceptual descriptions of glacial landform records, known as landsystem models, have been developed for both, terrestrial and fjord-terminating surging glaciers (e.g. Evans & Rea 1999 Ottesen & Dowdeswell 2006; Ottesen et al. 2008; Benediktsson et al. 2010; Brynjólfsson et al. 2012) . However, it is likely that the examples described to date encompass only part of the range of variation. There is a particular need for studies of glacial landform records that can be directly linked to observed surge events, to provide benchmarks for the interpretation of geomorphological data where the glacial history is not independently known.
In this paper, we present detailed observations of the glacial landform record of Tunabreen, a tidewater surge-type glacier in central Spitsbergen (Fig. 1) . The glacier is known to have surged in c. 1930, 1971 and 2003-2005 . Glacier behavior during and following the [2003] [2004] [2005] event is particularly well known (e.g. Fleming et al. 2013) . Using a combination of multibeam echosounding mapping of the fjord floor, remote-sensing data, and ground-based observations of the glacier we show how the geomorphological record in Tempelfjorden expresses key glaciological processes which have been active during multiple surge cycles. 
Geological and glaciological setting
Tunabreen is an outlet glacier of the Lomonosovfonna ice cap that terminates at the head of Tempelfjorden, the easternmost branch of Isfjorden, Spitsbergen (Fig. 1) . Tempelfjorden is about 14 km long, up to 5 km wide, and has a surface area of nearly 57 km 2 . The maximum water depth is 110 m. The sedimentary environment in Tempelfjorden has been influenced mainly by Tunabreen, its neighboring glacier von Postbreen, and the Sassenelva River during the late-and post-glacial period. Changes in the sediment sources and sedimentation conditions have been suggested to reflect the multiple advances and retreats of the glacier fronts during the Holocene (Forwick et al. 2010) .
During the early and mid-Holocene between 10-5 ka BP, tidewater glaciers were most likely absent from the Isfjorden area or at least reduced in size (Mangerud et al. 1992; Svendsen & Mangerud 1997; Forwick & Vorren 2009 ). They re-advanced into the fjord during the late Holocene around 4 ka BP, and reached their most recent maxima during the Little Ice Age (LIA) advance around 1850 AD (Svendsen et al. 1996; Plassen et al. 2004; Forwick & Vorren, 2009 ). The confluent von Postbreen and Tunabreen glacier system reached its late Holocene maximum position in the 1870s, probably at the culmination of a surge (Plassen et al. 2004) . This event produced a large terminal moraine with debris-flow lobes on its distal slope, similar to those observed in front of other tidewater surging glaciers in Svalbard (Plassen et al. 2004; Ottesen & Dowdeswell, 2006; Ottesen et al. 2008) . (Dowdeswell et al. 1991) . The short surge cycle of Tunabreen and the diverse observational record for this glacier, therefore, provides a unique opportunity to study the imprint of repeated surge events on the seafloor morphology.
Datasets and Methods
Mapping and analysis of the submarine landforms and the terminus positions of Tunabreen in the inner part of Tempelfjorden is based on multibeam-bathymetric, remotesensing, and published data, including ice-marginal positions and their chronology. The multibeam-bathymetric data were acquired with a Kongsberg EM3002, a 300 kHz multibeam echosounder system by the Norwegian Hydrographic Service from 3 rd to 7 th July, 2011. The data were processed by applying optimal sound-velocity profiles to determine accurate water depths and gridded into an isometric grid with cell size of 5x5 m in the Caris and QPS Fledermaus softwares. The UTM 33N projection was used with the WGS 84 datum.
Satellite images (Landsat, ASTER, Envisat and TerraSAR-X), aerial photographs, and topographic maps were used for establishing the glacier margin positions between the 1970s and 2012. Terminus positions prior to the 1970s are based on published data (De Geer 1910; Liestøl 1969; Plassen et al. 2004 ; see Table 1 for a summary of data sources). All images were georeferenced or reprojected to the UTM 33N projection (WGS84 datum) in order to facilitate correlation with the multibeam-bathymetric data. The Landsat data contain images collected during the summer months as well as in the winter months ( 
Source
Published data Liestøl (1969 Liestøl ( ) 1924 Liestøl ( -1932 Mapped photogrammetrically Hodgkins and Dowdeswell (1994 ) 1966 -1971 Aerial photographs Plassen et al. (2004) Geer (1910) (Fig. 2) . This represents the maximum glacier extent in Tempelfjorden during the Holocene and the culmination of LIA glacier regrowth following an extended period of stepwise retreat after the last glacial (Forwick et al. 2010) . The maximum extent of von Postbreen could either reflect a surge event or a period of strong positive mass balance. The position of the von Postbreen terminus was also mapped in 1882 , 1896 and 1908 by De Geer (1910 , indicating a retreat of 2 km in 40 years ( Fig. 2) . Hagen et al. 1993 Liestøl (1969) and Hodgkings & Dowdeswell (1994) . 
Glacier retreat in

Description and interpretation of submarine landforms
Tempelfjorden comprises of two basins, a larger outer basin and a smaller inner basin (Fig. 1 ).
The outer basin has a maximum depth of 110 m, whereas the inner basin is 60 m deep at its maximum. The von Postbreen terminal moraine ridge, deposited at its LIA maximum extent in the 1870s (Fig. 2) , separates the two basins. The landforms in the outer part of
Tempelfjorden have been described in previous studies (Plassen et al. 2004; Forwick et al. 2010) . These landforms include the von Postbreen terminal moraine and two debris-flow lobes on its distal slope. The surface of the stratigraphically lower debris-flow lobe has been deformed into thrust moraines (De Geer 1910; Plassen et al. 2004; Forwick et al. 2010) . In this study, we focus on the geomorphological features in the previously unexplored inner part of Tempelfjorden (Fig. 4) . Plassen et al. (2004) and Forwick et al. (2010) .
Elongate streamlined bedforms: Glacial lineations
Description
Elongate, streamlined bedforms, oriented parallel to the fjord axis, occur in several places on the seafloor in Tempelfjorden down to water depths of 50 m (Fig 4) . The elongation ratio of the ridges is 5:1. Typically, these bedforms rise between 1 and 3 m above the surrounding seafloor ( Fig surge limits (Fig. 4) . Adjacent to the present glacier front, one of the streamlined bedforms appears to be coincident with the debris-rich medial moraine of Tunabreen, pointed out with a black arrow (Fig. 4a ).
Interpretation
The elongated, streamlined bedforms are interpreted as glacial lineations produced by softsediment deformation at the glacier-bed interface. The lineations form parallel to ice flow, in the presence of a saturated deformable till (King et al. 2009 ). Glacial lineations are typical of fast-flowing glacier ice (Stokes & Clark 2002; Ottesen & Dowdeswell 2006; King et al., 2009) , and are therefore consistent with a surge advance of Tunabreen.
Adjacent to the present glacier front, one of the streamlined bedforms appears to be coincident with the debris-rich medial moraine of Tunabreen (Fig. 4a) . The unusually large size of the ridge suggests that it is not a pure glacial lineation, but could be an overridden medial moraine. are described in further detail by Hagen et al. (1993) , Plassen et al. (2004) and Forwick et al. (2010) . In general, the large transverse ridges are asymmetric, with 10°-20° steep iceproximal slopes, and distal slopes between 5°-10°. The R4 ridge has significantly gentler slopes of 2°-6°. The ridges are typically multi-crested along their entire lengths. The exception is the R1 ridge, which is mainly single-crested, but has some multi-crested sections.
The locations of the large ridges correlate well with the ice-terminus positions of Tunabreen as mapped from remote-sensing and published data (Fig. 2) . The easternmost ridge, R1, displays a strong spatial correlation with the maximum position of the glacier front in 2004 (Fig. 4) . The glacier position during the 1970's surge according to Plassen et al. (2004) correlates well with the position of the second large submarine moraine, R2, and the position of R3 correlates with the mapped position of the glacier front during the 1930s (Plassen et al. 2004) . We therefore interpret the ridges R3, R2 and R1 as terminal moraines formed during the surge maxima in 1930, 1971 and 2004, respectively. The westernmost large transverse ridge, R4, is contiguous with the subaerial moraines on both sides of Tempelfjorden, which together are interpreted as the latero-terminal moraine system formed by von Postbreen during its LIA maximum (De Geer 1910; Hagen et al. 1993; Plassen et al. 2004) . The R4 ridge with multiple crestlines, large debris-flows lobes and numerous dislocated sediment blocks on its distal slope is morphologically similar to terminal moraines formed by surges in other Svalbard fjords (cf. Ottesen & Dowdeswell, 2006; Ottesen et al. 2008) . Kristensen et al. (2009) have argued that this type of moraine forms by bulldozing of marine mud in front of the surging glacier with quasi-continuous failure of weak, saturated sediments on the moraine front. In contrast, large debris-flow lobes are not present on the distal slopes of ridges R1-R3, although the asymmetric, multi-crested form of these ridges indicates that they were also likely formed by ice push (cf. Boulton et al. 1996) . We suggest that the absence of large debris-flow lobes adjacent to the R1-R3 ridges reflects lower sediment availability because of the relatively short surge interval of only 40-60 years, during which there would have been little time for accumulation of mud on the fjord floor between the surge events. Furthermore, much of the pre-existing soft sediment (sediment that accumulated on the sea floor pre-1870) had been pushed up into the LIA moraine, which helps to explain the size of the 1870 moraine (R4) when compared to the R1-R3 moraines.
The large transverse ridges in Tempelfjorden are in general smaller, in both height and width, than surge terminal moraines mapped elsewhere in Svalbard (Ottesen & Dowdeswell 2006; Ottesen et al. 2008) . The von Postbreen LIA moraine, which is up to 1 km wide, is most similar to the surge moraines described in Rindersbukta and Van Keulenfjorden in southern Spitsbergen (Ottesen et al. 2008) . The surge moraines of Borebreen located on the northern side of Isfjorden display similar characteristics, although with slightly larger dimensions than the innermost ridges (R1-R3) in Tempelfjorden (Ottesen & Dowdeswell 2006) .
Sediment lobe at the 2004 ice margin: Debris-flow lobe
Description
No large debris-flow lobes were observed on the distal sides of ridges R1-R3.
A small sediment lobe can, however, be observed distal to the terminal moraine R1 (Fig. 5c) .
The lobe has a maximum length of 0.7 km and a width of 0.9 km. It comprises three lobeshaped protuberances at its front. It is located in 30-50 m water depth adjacent to the moraine ridge. The sediment lobe covers a small depression in the fjord bathymetry and partly overrides older ridges. The surface of the lobe has a smooth appearance, but the overridden ridges are clearly visible in the southern section of the sediment lobe.
Interpretation
The sediment lobe on the distal side of R1 has been interpreted as a debris-flow lobe based on its shape as well as on the fact that the lobe onlaps onto small moraine ridges. The short duration of the 2004 surge and sedimentation rates of 3800 cm ka -1 near the present glacier front (Forwick et al. 2010) further indicates that the sediment lobe originated as a debris-flow from the ridge itself rather than due to gradual sediment accumulation. Similar glacigenic debris-flow lobes have been discovered in front of marine-terminating surge-type glaciers in Svalbard (Ottesen & Dowdeswell 2006; Ottesen et al. 2008) . These lobes are, however, much larger, having similar dimensions as the debris-flow lobe originating from the von Postbreen LIA moraine (Ottesen et al. 2008 ).
Geometrical ridge networks: crevasse-squeeze ridges
Description
There are several areas in the inner part of Tempelfjorden where small, symmetrical sediment ridges form dense, cross-cutting networks (Fig. 4) . (Fig. 5b) .
Interpretation
The crosscutting network of ridges has been interpreted as crevasse-squeeze ridges. The ridge network between the R1 and R2 ridge consist of a combination of crevasse-squeeze ridges and fjord-transverse ridges (see section 4.2.6). Networks of small, sharp-crested ridges also occur on land, particularly on the foreland of von Postbreen (Figs. 6a, b) . In addition, numerous debris-rich structures are exposed in ice-cliff sections at the margins of Tunabreen (Fleming et al. 2013; Lovell et al. in prep, Fig. 6c ). The structures extend upwards from the bed and are infilled with basal till. In some instances, continuity can be demonstrated between till-filled structures and low ridges of till exposed by ice retreat (Fig.   6d ). (Figs. 5d, 5f ).
The transverse ridges can be matched with annual positions of the front of Tunabreen determined from satellite imagery, equating to one ridge for each year between 2005 and 2009, which marks the inner limit of our survey data (Fig. 8) . Therefore, the ridges can be confidently interpreted as annual moraines, corroborating previous interpretations of similar transverse ridges in other Svalbard fjords (e.g. Solheim 1991; Ottesen & Dowdeswell 2006; Ottesen et al. 2008) . The moraines are however much more lobate than the glacier margin delineations, indicating that the grounding line has a different form from the top of the glacier. The indentations of the grounding line are likely related to subglacial conduits and/or bathymetric deepenings.
Fig. 8. Terminus positions from 2002-2010 (black lines) in relation to the submarine moraines (red lines). The terminal positions have been mapped from ASTER/Landsat and SAR images. The background shows an aerial image from 2009 (NPI).
The formation of annual moraine ridges in front of quiescent tidewater surge-type glaciers has been attributed to winter still-stands or minor re-advances (Solheim, 1991; Ottesen & Dowdeswell, 2006; Ottesen et al. 2008) . At Tunabreen, surface velocity and ice-front position data derived from TerraSAR-X satellite images demonstrate that the glacier front readvances during winter and spring, when calving rates are very low. 
Fig.9. Mean relative position of the terminus of Tunabreen during 2013 and early 2014. Note annual retreat of c. 150 m and winter advance of c. 20 m. Grey area shows the period of fast sea ice in the inner part of Tempelfjorden (Norwegian meteorological institute).
During the summer and autumn months, calving rates exceed the rate of ice flow, and the glacier retreats. During winter, calving rates are very small, allowing the front to advance a few tens of metres. Therefore, for fjord-terminating surge-type glaciers winter push moraines can form even during quiescent phases. This is in contrast with the situation for terrestrial surge-type glaciers, the tongues of which downwaste in situ with no annual readvances of the front. The asymmetric cross-profile of the ridges further indicates that they have formed through ice push (cf. Boulton et al. 1996) . Minor winter readvances may also be responsible for the buckling of sea ice in front of the glacier margin (e.g. Marchenko et al. 2012) .
Fig.10. Surface speed of the terminus of Tunabreen during January 2014 derived from feature tracking a pair of TerraSAR-X images.
Transverse to semi-transverse ridge segments: retreat moraines
Description
Segments of small fjord-transverse ridges can be found between the R1 and R2 ridges ( 
Interpretation
The fjord-transverse ridges are similar to the annual retreat moraines proximal to the R1 ridge.
They match the ice margin form of R1 and R2 (Fig. 2) The transverse ridges between the R2 and R3 terminal moraines are similar to the ridges between the R1 and R2 moraines. The ridge segments distal to the R3 ridge are however larger in scale, being up to 10 m high and 30 m wide, suggesting that they have formed during longer still-stands of the glacier front or during shorter glacier advances.
The underlying large-scale ridges have been interpreted as overridden terminal moraines.
They are similar to overridden terminal moraines described by Ottesen & Dowdeswell (2006) . 
Discussion
Detailed data on the recent behavior of Tunabreen, including annual and seasonal variations in glacier extent, velocities, and observations of sea ice and glacial debris structures, have been studied together with high-resolution seabed morphology in inner (Fig. 1) . The deposition of the debris incorporated into the glacier by glacial erosion and slope processes at Bromfjellet forms the medial moraine at the glacier margin.
With increasing distance from the 2012 ice front, the glacial lineations are less common in the geomorphological record, most likely due to reworking by subsequent surge events. terminal moraine (Fig. 5c ). This provides evidence for the modification of pre-existing glacial surge landform records by subsequent surges.
The landform assemblage observed in inner Tempelfjorden is unique in terms of three consecutive surges having modified the geomorphological record, creating a multiple surge landscape with landforms partially preserved from different surges. This has led to the construction of a more complex surging glacier landsystem model (Fig. 11) The observed landforms, however, are rather similar to those described from other Svalbard fjords where surges are known or have been inferred to occur (cf. Ottesen & Dowdeswell, 2006; Ottesen et al. 2008; Kristensen et al. 2009 ). The main characteristics and glaciological significance of the submarine landforms in inner Tempelfjorden are described below. The terminal moraines record the location of the glacier front during successive surge maxima. The distal slope of the outermost (1870) terminal moraine is covered by lobe-shaped debris-flow deposits (Plassen et al. 2004) and numerous dislodged blocks of sediment ( (Lovell, unpublished) .
Commonly, large debris-flow lobes have been observed on the distal slopes of submarine surge terminal moraines in Svalbard (Ottesen et al. 2008) . However, large debris-flow lobes do not occur in front of the inner, R1-R3 terminal moraines, even though a small debris-flow lobe is emanating from the distal slope of the 2004 surge moraine. This is uncommon in the geomorphological record of surge-type glaciers, although the same pattern (i.e. an outer ridge with debris-flow deposits and three inner ridges without debris-flow lobes) has been observed earlier in Borebukta (Ottesen & Dowdeswell 2006) . The scarceness of debris-flow deposits may reflect insufficient time for sediment accumulation due to the short surge cycle of 40
years. The sedimentation rates near the present glacier front have been estimated to 3800 cm ka -1 (Forwick et al. 2010) . This gives an average annual sedimentation rate of 3.8 cm a (Fleming et al. 2013) (Fig. 7) and comparison with the landforms exposed by the retreating present-day ice front (Fig. 6 ) suggest that the networks of ridges were formed by squeezing of water-saturated basal debris into fractures, which developed in zones dominated by extensional stretching (Rea & Evans, 2011) . The surface crevasse pattern at the surge maximum in 2004 (Fig. 7) shows both, large transverse and longitudinal to oblique crevasses, indicative of fracturing due to longitudinal and transverse extension, respectively. Where crevasses are open at the bed, till can be injected to heights of up to several tens of metres aided by high basal water pressures (e.g. Fig. 6c ). The crevasse-squeeze ridge pattern within the limits of the 2004 surge resembles closely that of earlier described submarine crevassesqueeze ridge fields (Ottesen & Dowdeswell. 2006 , Ottesen et al. 2008 . The ridge pattern within the 1970 surge limit is however distinctly different from earlier described crevassesqueeze ridge networks. We have interpreted these ridges as a combination of crevassesqueeze ridges and ice-marginal retreat moraines. Due to the relatively small dimensions of crevasse-squeeze-ridges these are easily overprinted by sediment accumulation during or following a surge event (Fig. 5c ).
The transverse annual moraines are the youngest landforms in the surge landform record.
They have formed by ice push during winter re-advances of the grounded glacier margin, The main difference between the Tempelfjorden landsystem model (Fig. 11 ) and earlier submarine surge landsystem models is that multiple surges have been recorded in Tempelfjorden, leading to a modified and overprinted glacier surge landform record. The landform record produced by the 2004 surge event is similar to the landform records produced by other Svalbard surge glaciers (Ottesen et al. 2008) . However a continuous set of retreat moraines can only be found proximal to the 2004 surge moraine. Debris-flow lobes are not present distal to the R2 and R3 ridges and crevasse-squeeze ridges can only be found very locally. Glacial lineations are lacking distal to the 1930s surge limit (Fig. 11) .
The incomplete landform records related to the older surges can be attributed to poor preservation or burial of landforms due to the multiple surges. Sedimentation rates of 3.8 cm a -1 in the vicinity of the present glacier front (Forwick et al. 2010) give a sediment accumulation of around 3 m during 80 years. This is enough to (at least partly) bury smaller landforms, such as crevasse-squeeze ridges and retreat moraines. Overridden, partially eroded and superimposed ridge segments further indicate that the landform record has been modified.
The position of the large overridden ridge between the 2004 and 1970s surge moraines (Fig.4,   11 ) matches the glacier terminal position in 1908, indicating that this is a modified retreat ridge. The lack of glacial lineations, crevasse-squeeze ridges and distinct retreat moraines, distal to the 1930's surge moraine suggests that the 1870 event was not a surge, but rather reflects a glacial advance due to changed climatic conditions during the LIA cold period.
Terrestrial surge landsystem models differ from the Tempelfjorden model as they do not include retreat moraine ridges or debris-flow lobes. However, they do include eskers, outwash plains and hummocky moraines (Schomacker et al. 2014) . The main similarity between the models is the presence of crevasse-squeeze ridges and glacial lineations.
Conclusions
The post-Little Ice Age (LIA) dynamics of Tunabreen, a tidewater surge-type glacier in Tempelfjorden, has been reconstructed by combining published data, remote sensing (satellite images and aerial photographs) and high-resolution multibeam-bathymetric data.
The well preserved glacial landform record in the inner part of Tempelfjorden has been directly linked to the observed 2004 surge event showing with confidence that the retreat moraines have formed annually.
Ice-front positions and velocity data from feature tracking TerraSAR-X imagery has been used to correlate discrete terminal winter advances with the formation of the annual retreat moraines. The correlation between the period of the terminal winter advances and the presence of sea ice in inner Tempelfjorden suggest that sea ice is an important factor in the formation of the annual retreat ridges.
The landform record in Tempelfjorden, consisting of glacial lineations, large terminal moraines, debris-flow lobes, crevasse-squeeze ridge networks and small annual retreat moraines, shares many similarities with surge glacier landsystem models based on other Svalbard tidewater glaciers (e.g. Ottesen & Dowdeswell, 2006; Ottesen et al. 2008) .
Landforms particularly characteristic of the inner Tempelfjorden include segments of retreat moraines and large overridden ridges.
The landform record in Tempelfjorden (Fig.11) is distinguished from previously proposed glacier surge landsystem models by including four sets of landform assemblages associated with the LIA advance and three subsequent surges which have partly modified the earlier landform records.
The landform records of the 1930s and 1970s surges are lacking debris-flow lobes suggesting that these are not an integral part of a glacier surge landsystem model. The presence of debrisflow lobes is most likely related to the length of the active surge phase.
The landform record of the von Postbreen LIA advance differs from the surge landform record by lacking glacial lineations, crevasse-squeeze ridges and distinct retreat moraines.
This might be due to poor preservation of the landform record. Alternatively, the von
Postbreen advance was not a surge-related process but rather a climatically controlled one.
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